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Abstract: We propose a laser speckle based scheme that allows the
analysis of local scattering properties of light diffusely reflected from turbid
media. This turbid medium can be a soft material such as a colloidal or
polymeric material but can also be biological tissue. The method provides
a 2D map of the scattering properties of a complex, multiple scattering
medium by recording a single image. We demonstrate that the measured
speckle contrast can be directly related to the local transport mean free
path l∗ or the reduced scattering coefficient μt = 1/l∗ of the medium. In
comparison to some other approaches, the method does not require scanning
(of a laser beam, detector or the sample itself) in order to generate a spatial
map. It can conveniently be applied in a reflection geometry and provides a
single characteristic value at any given position with an intrinsic resolution
typically on the order of 5-50 μm. The actual resolution is however limited
by the transport mean free path itself and can thus range from microns to
millimeters.
© 2011 Optical Society of America
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1. Introduction
The determination of a sample’s optical scattering properties is important for a diverse set of
fundamental research areas and industrial applications ranging from stability monitoring of
complex fluids and formulations (for example to differentiate sedimentation, creaming, phase
separation) [1–3] to in-vivo biological studies of tissue composition and blood perfusion [4–8].
A number of techniques exist which provide a single measurement of the scattering properties
of a given sample volume. Diffusing Wave Spectroscopy (DWS) [9] (or “Diffuse Transmission
Spectroscopy” [10]) and coherent backscattering [11] are such techniques that can measure the
scattering strength of a diffusive medium through determination of a characteristic parameter
known as the transport mean free path l∗ or the reduced scattering coefficient μt = 1/l∗. Light
reflected from a turbid medium has typically entered the object up to a depth z of a (few times
the) transport mean free path l∗. A limitation of this technique is that any individual measure-
ment gives an average of the assumed homogenous and generally rather large sample volume;
spatially resolved measurements are not possible. In this article we describe a scheme that pro-
vides a 2D map of the diffuse scattering properties of a complex, multiple scattering medium
by recording a single image with an exposure time in the milisecond range.
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Fig. 1. Experimental setup displaying beam path and all components. A single-mode diode-
pumped solid-state laser operating at 532 nm is deflected onto a ground-glass optical dif-
fuser mounted onto a rotating motor. The coherence length of the laser beam being suf-
ficiently large (lcoh  l∗) is critical for the proposed technique. The light scattered from
the diffuser is collimated by a lens and directed by a semi-transparent beamsplitter onto
the sample. A digital camera images the sample surface through an objective. A crossed
polarizer is mounted in front of the camera to attenuate specular reflections.
2. Experimental setup
In general, measurement of diffuse scattering in the reflection geometry is of great interest
for many applications including in-vivo biological imaging as access to only one side of the
sample region is required. In such a context, spatially-resolved measurements are desirable
and this is traditionally achieved by placing distinct incident and detector optical fiber probes
on the sample surface and separated by a given distance [7]. Light scattered by the sample
and measured by the detector is processed using the known separation distance to recover the
sample scattering properties. Alternatively, the diffuse broadening of a point source at a sample
surface can be imaged and analyzed to extract l∗ [1]. While useful and already available in
early commercial implementations, all of these methods require scanning of either the probe or
the sample to map a sample area. In contrast to these real-space approaches spatially patterned
illumination has recently been introduced as a method to map tissue optical properties [12]. This
method bears some similarities to our approach although it lacks the high spatial resolution
we can achieve in single frame acquisition. Patterned illumination has also been applied to
optimze fluorescence optical tomography [13]. The experimental setup is presented in Fig. 1.
A collimated laser beam (λ = 532 nm) is slightly focused (or expanded) onto a ground glass
diffuser using a first lens. The diffusor is mounted on an electric motor and the light impinges on
the diffuser at a distance of about 10 mm from the rotation axis. The size w0 of the illumination
spot on the diffuser can be adjusted by positioning lens (1) at a certain distance relative to
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Fig. 2. (a) Direct image of speckle beam taken by placing camera at the sample position for
the smallest speckle size considered. (b) Normalized intensity correlation function g2(Δr)
obtained by the inverse Fourier transform of the speckle power spectrum. The speckle size
is varied from 2b = 36 μm to 126 μm.
the diffuser. The forward-scattered light is collimated using a second lens with a focal length
L = 4 cm thus creating a homogeneous speckle beam with a width ≈ 2 cm [14]. We obtain
longitudinally elongated near-field speckles and use them to illuminate the sample placed at a
distance of about 6− 8 cm from the lens. In this so-called deep-Fresnel regime the speckles
have a Gaussian shape with a well defined size b ≈ πλL/w0 [15]. Thus for a laser beam of
diameter 1 mm we expect a speckle size 2b ≈ 100 μm. The actual beam-speckle size b is
determined by placing the camera at the sample position. From the raw images we can calculate
the spatial correlation function and thus b as described in [16] (Fig. 2). The speckle beam
obtained in such a way impinges on the sample. A digital camera focused to the sample surface
(Prosilica GC 650, Allied Vision Technology, pixel size a = 7.4μm, 659 × 493 pixel) records
images with 0.83 × magnification and with its aperture set to produce image speckle roughly
of the order of the size of a camera pixel. We use a semi transparent beamsplitter to speparate
the illumination and detection path. The motor is then set to rotate at a fixed frequency f
and the camera exposure time τexp is set to average over a large number of different speckle
configurations produced by the diffuser (a more detailed discussion concerning the exposure is
given later in the text). It should be clarified that image speckle is of a different origin than beam
speckle. The latter is induced by the ground-glass diffuser and its purpose is to impose a random
field illumination pattern onto the sample that can be quickly varied. Image speckle, on the
other hand, arises regardless of any illumination patterning; even with plane wave illumination,
interference effects of the diffuse backscattered coherent laser light yield speckle at the image
plane. It is this image speckle which is set at approximately the size of the camera pixel.
Such random modulation of the beam-speckle also influences the spatial fluctuations of the
diffusely-backscattered image speckle. The proposed method for 2D mapping of l∗ using the
setup described above can best be explained by studying two limiting cases in which beam
speckle size is either much smaller (b  l∗) or much larger (b  l∗) than the sample transport
mean free path. It can be shown that half of incident photons leave the sample at a distance of
less than ∼ 3l∗ from the point of entry while the other half leaves at greater distances [17, 18].
Thus, in the case where b  l∗, the diffusely backscattered electric field amplitude at any point
on the imaged surface is composed of contributions from many incident beam-speckles origi-
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Fig. 3. Recorded image speckle with motor at rest for a sample with l∗ = 245 μm (a) and l∗
= 50 μm (b). The size of the incident beam-speckle is 2b = 3.4 pixel (32 μm). A random
pattern (defined by the incident beam speckle) superimposed on the fine image speckle is
apparent in (b) but not (a).
nating from a surface area ∼ 10πl∗2  b2. Rotating the ground glass alters the configuration
of the speckle beam randomly and therefore also leads to random fluctuations of the image
speckle. By choosing a sufficiently long camera exposure, random temporal fluctuations of the
image-speckle arising from fluctuations of the speckle beam are time-integrated. This then re-
sults in a spatially homogeneous intensity distribution that is measured by the camera. In the
opposite limit b  l∗, the scattered field amplitude at a given point on the imaged surface is
composed of contributions of only a single incident beam-speckle within the typical surface
area ∼ 10πl∗2  b2. If the field amplitude of the beam-speckle is varied this does not alter
the local statistical properties (such as the variance) of image speckle. For a given pixel on the
imaging detector (being matched to the image speckle size), this case is similar to just turning
the laser light on and off; since the sample properties are time-invariant the local spatial vari-
ance of the time-integrated image speckle remains unchanged. The transition between these
two limiting cases is continuous and therefore the signature of the residual image speckle can
be used to map l∗ values.
3. Experimental verification
3.1. Homogeneous samples - calibration curve
In order to demonstrate the proposed l∗ imaging method, both homogenous and spatially het-
erogeneous samples were studied. In the experiments presented here we only use sufficiently
solid samples and therefore intrinsic speckle fluctuations due to Brownian motion of scattering
centers can be neglected. In the first experiment we have prepared four samples with differ-
ent values of l∗ by mixing a suspension of 990nm diameter polystyrene spheres with water
and gelatin (final gelatin concentration 4%, 2% in one case). After one day the samples were
solid as verified using DWS (DWS Rheolab, LSInstruments, Switzerland) [5, 9]. The four dif-
ferent concentrations of polystyrene particles doped into the gelatin (by weight) are 1.25 %
(l∗ = 245μm), 2.08 % (l∗ = 147μm), 4.15 % (l∗ = 74μm), 6.20 % (l∗ = 50μm, gelatine 2%
- solid). The values for l∗ have been calculated analytically assuming a particle and solvent
refractive index of np = 1.59, ns  1.34) [19].
By visually comparing speckle images from two samples (one with a short l∗ and one with a
large l∗, diffuser at rest), one can easily observe the phenomena discussed previously as shown
in Fig. 3. A random pattern (defined by the incident beam speckle) superimposed on the fine
image speckle is apparent in Fig. 3(b), but not Fig. 3(a). A detailed analysis of this effect
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Fig. 4. (a)–(c) Recorded speckle images of gelatin with polystyrene beads with motor spin-
ning at 50Hz (exposure time 30 ms) with characteristic parameters b/l∗= 0.065, 0.32, 1.3,
respectively. (d)-(f) Processed maps of local image speckle contrast with average contrast
increasing from 1.9%, 3.9% to 12.4 %, respectively.
allows one to extract an estimate of l∗ for a given sample. Such an approach would rely on the
same principles as the structured illumination method discussed in reference [12]. However, the
spatial resolution of that method is limited since the illuminating speckle must be on the order
of l∗ or larger to produce a measurable effect.
It should be emphasized that the method presented here provides a much higher intrinsic
resolution. This is made possible by analyzing the properties of the residual image speckle
as the pattern of the illumination field is rapidly varied. Figure 4 illustrates how the resulting
image speckle (diffuser in motion at 50 Hz) evolves as a function of l∗, where l∗ decreases
from Figs. 4(a) to 4(b) and further to Fig. 4(c). Figures 4(d)–4(f) give the associated maps of
the local speckle contrast K (standard deviation / mean) calculated for each pixel position over
the surrounding 25-pixel area. It is shown that a shorter l∗ leads directly to an increase of the
average measured local variance.
To confirm the trend and demonstrate that the measured contrast is in fact a function of l∗
normalized to the beam speckle size b, a further study of the polystyrene in gelatin samples
was performed for varied beam speckle sizes. Figure 5 summarizes the results and confirms the
quantitative relationship of K with the normalized reduced scattering coefficient b · μt = b/l∗
and reveals that the image speckle contrast increases linearly for small and intermediate values
b/l∗ ≤ 1. For higher values it must saturate since it cannot exceed the speckle contrast for plane
wave illumination, in the present case 0.295. Overall the data can be described empirically by
a tanh-fit. With a single setting of the incident speckle-beam forming optics, it is possible to
cover roughly the range b/l∗=0.05 - 5, corresponding to two orders of magnitude in μt . For
example with b = 50μm one can probe scattering coefficients roughly from μt = 1 mm−1 [l∗ =
1 mm] to 100 mm−1 [l∗ = 10 μm].
3.2. High resolution imaging
While the previous experiments exploited only an average of the local measured image contrast
for a homogenous sample, it is possible to measure and image local scattering properties with
high resolution. Figure 6 shows a contrast map [20] of white paper (l∗ 11 ± 1 μm), the
right side of which is covered with correction tape (l∗ ≈1-2 μm) with part of the correction
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Fig. 5. Speckle contrast K of image speckle as a function of b/l∗ (symbols). Data for three
different speckle beam settings (b) is shown. The transport mean free path is l∗ = 245,
147, 74, 50 μm for the polystyrene in gelatin samples and l∗  11μm for white paper.
Motor spinning at 50Hz and camera acquisition set to τexp = 30 ms exposure. Solid line
(inset) : An empirical tanh-fit provides a quantitative link between the measured contrast
and sample scattering properties (K = 0.285 · tanh [0.38 ·b/l∗] + 0.01). For b/l∗ < 1 the
speckle contrast scales linearly (dotted lines). For b/l∗  1 the speckle contrast for plane-
wave illumination, K = 0.295, is recovered (dashed-dotted horizontal line).
tape removed (single scratch). The spatially averaged l∗ of paper and correction tape were
determined using DWS. The scattering properties of the two materials are well-differentiated
and the structure of the sample is well resolved. The local l∗ can be extracted from the speckle
contrast image via the empirical tanh fit.
3.3. Minimum exposure time and applications to samples with internal motion
The product of camera exposure time τexp and ground-glass rotation frequency f dictates (for
a solid sample) the number of beam-speckle configurations over which the image represents an
average. By varying the motor speed and observing the variance of the resulting beam-speckle
images taken at the sample position (as shown in Fig. 7) we can give an estimate for the value
τexp f required for a decent average. In our experiment, sufficient averaging is observed for the
product τexp f > 0.05. For a maximum value of f = 200 Hz in our case this corresponds to a
lower limit for the exposure time of τexp ∼ 250 μs. Using a high-speed brushless DC electric
motor at f ∼ 1000 Hz and illuminating the ground-glass at a larger radial distance from the
rotation axis, exposure times on the microsecond scale could be realized. Such a high-speed
version of our experiment would also be suitable for the study of liquid samples since the
typical time scale for speckle fluctuations of multiply scattered light is on the order of 100 μs
or more in the reflection geometry [9]. Microsecond acquisition times will however additionally
demand a fast and sensitive camera as well as sufficient laser power.
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Fig. 6. High resolution greyscale coded map of speckle contrast K for white paper (left)
covered with a correction tape (right) that is scratched once with a knife. Motor spinning at
50 Hz, 230 ms exposure, beam speckle size b = 16μm, 5×5 -pixels used for local contrast
analysis [20]. Sample also shows a slight intensity contrast - not shown - due to the finite
reflectivity of the correction tape. The local l∗ can be extracted from the speckle contrast
image via the empirical tanh fit, Fig. 5.
4. Summary and conclusions
In summary we have presented a simple scheme to map the diffuse scattering properties of
a turbid medium. We have demonstrated its feasibility and established and verified the main
principles. Namely we have shown that we can use the post-averaging residual speckle contrast
to construct a map of the reduced scattering coefficient μt . A linear relationship between the
speckle contrast and the value of l∗ has been found. This value of l∗ is representative of the local
superficial scattering properties of the medium, wherein the contributions to this local average
are dominated by the material at the surface and decay strongly in the vertical direction. This
effect as well as the ability of the technique to resolve sub-surface inhomogeneities has been
characterized previously [21].
The advantages or our approach are its simplicity and consequently low cost, high resolution
and extremely short acquisition time. While currently limited to solid samples, an extension
of the method to liquid media is straightforward though technically more demanding and thus
more costly. A further limitation of the method is that it does not provide information about
the sample absorption coefficient μa [6]. However, the latter could be included via an analysis
of the reflected intensity at least for the case of weak absorption where μa  μt . Since we are
working with time-averages and a broad statistically distributed speckle beam, an extension to
diffuse 3D tomography is precluded. Equally the method cannot be applied to diffuse imag-
ing of fluorescence due to the absence of interference speckle. Coherence requirements also
complicate the measurement of spectral properties. Limited spectroscopic information could
be obtained by using a set of two or three lasers and a color digital camera. It would also be
feasible to use a supercontinuum source along with a set of filters to extract both scattering and
spectroscopic properties in a similar fashion as has been implemented for transmission speckle
contrast [22] and coherent backscattering measurements [23].
Although most previous methods of this kind have been targeted to biomedical imaging we
think the present method might be particularly suited for studies of soft materials for applica-
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Fig. 7. Speckle contrast of beam-speckle imaged for varying combinations of camera
exposure time (τexp)and ground-glass diffuser rotation frequency ( f ). Images are shown
for three data points, demonstrating the averaging effect at larger exposure-time/rotation-
frequency combinations.
tions such as phase separation, sedimentation or creaming of highly turbid suspensions, slurries
or emulsions. It might also be applicable to dental imaging [24] or studies of bone tissue and
related questions. An interesting outlook would be to combine the method with laser speckle
imaging [25]. Keeping the diffuser at rest would allow one to study dynamic properties of the
medium while spinning the ground glass would provide access to diffuse scattering properties
in a single experimental configuration.
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